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A Key Role of Starburst Amacrine Cells
in Originating Retinal Directional
Selectivity and Optokinetic Eye Movement
tyric acid (GABA) onto DS ganglion cells (Brecha et al.,
1988; Vaney and Young, 1988; O’Malley et al., 1992).
Because of an asymmetric relationship between inputs
and outputs of starburst cells as well as the presence
of both excitatory and inhibitory transmitters, several
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Cell ablation using the immunotoxin-mediated cell tar-
geting (IMCT) technology is useful for selectively andSummary
permanently eliminating specific neuronal cells in the
adult neural network (Kobayashi et al., 1995; WatanabeThe directional selectivity of retinal ganglion cell re-
sponses represents a primitive pattern recognition et al., 1998; Kaneko et al., 2000). In this study, we have
applied IMCT to ablate starburst cells from the adultthat operates within a retinal neural circuit. The cellular
origin and mechanism of directional selectivity were mouse retina. The questions addressed in this study are
2-fold: the functional implication of starburst cells ininvestigated by selectively eliminating retinal starburst
amacrine cells, using immunotoxin-mediated cell tar- ganglion cell DS responses and the role of a DS pro-
cessing in visual animal behavior. Here, we report thatgeting techniques. Starburst cell ablation in the adult
retina abolished not only directional selectivity of gan- elimination of starburst cells in living adult retina not
only abolishes DS responses of ganglion cells but alsoglion cell responses but also an optokinetic eye reflex
derived by stimulus movement. Starburst cells there- severely impairs optokinetic reflex derived from stimulus
movement.fore serve as the key element that discriminates the
direction of stimulus movement through integrative
synaptic transmission and play a pivotal role in infor- Results
mation processing that stabilizes image motion.
Selective Elimination of Retinal Starburst Cells
Introduction Starburst cells are classified as conventionally placed
and displaced cells that posses their somata at the inner
Directionally selective (DS) retinal ganglion cells re- nuclear layer (INL) and ganglion cell layer (GCL) and send
spond maximally when a stimulus moves in one (pre- their dendritic processes into two separate laminae, a
ferred) direction but show little or no response when the and b, respectively, of the inner plexform layer (IPL)
stimulus moves in the opposite (null) direction (Barlow (Figure 1A). The previous immunocytological character-
and Levick, 1965; Nirenberg et al., 1994). Two types ization of metabotropic glutamate receptor type 2
of cells that consist of ON-OFF ganglion cells and a (mGluR2) showed that mGluR2 is prominently ex-
subpopulation of ON-type ganglion cells show direc- pressed in both conventionally placed and displaced
tional selectivity in response to stimulus movement (Bar- starburst cells (Koulen et al., 1996; Tagawa et al., 1999).
low et al., 1964; Levick, 1967). Both types of DS ganglion Weak label was also found in the innermost part of
cells form many synaptic contacts with one type of ama- the IPL (Koulen et al., 1996; Tagawa et al., 1999). We
crine cells termed starburst cells (Famiglietti, 1992). examined the expression of a green fluorescent protein
Starburst cells form synapses with bipolar cells along (GFP) fused to human interleukin-2 receptor -subunit
the whole length of their dendrites but restrictedly con- (hIL-2R) under the control of the mGluR2 promoter in
nect with DS ganglion cells at the distal third of their retinal sections of transgenic mice (Watanabe et al.,
dendrites (Famiglietti, 1991). Starburst cells release both 1998). Immunostaining with GFP antibody alone and
excitatory acetylcholine (ACh) and inhibitory-aminobu- covisualization of GFP fluorescence and choline acetyl-
transferase (ChAT) immunoreactivity both showed that
the hIL-2R/GFP protein is expressed in cholinergic5 Correspondence: snakanis@phy.med.kyoto-u.ac.jp
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Figure 1. Expression of the IL-2R/GFP Fu-
sion Protein in Starburst Cells
(A) Schematic drawing of a retinal network
(left).
Conventionally placed starburst cells (SA) in
the INL receive inputs from OFF bipolar cells
(BP) and transmit outputs onto ON-OFF DS
ganglion cells (ON-OFF DSG). Displaced
starburst cells in the GCL receive inputs from
ON BP and transmit outputs onto both ON-
OFF DSG and ON-type DSG (data not shown).
GFP immunostaining of somata and dendritic
processes of starburst cells in a transverse
retinal section (right). ONL, outer nuclear
layer; OPL, outer plexiform layer; a and b,
sublaminae a and b. Scale bar, 20 m.
(B) mGluR2 immunostaining is superimposed
on transmit light image of the slice. GFP fluo-
rescence is detected in mGluR2-immunore-
active starburst cells (yellow green) but not
in the mGluR2-immunopositive innermost
part of the IPL (red). Scale bar, 20 m.
(C) Complete overlapping of GFP fluores-
cence and ChAT immunoreactivity in somata
and dendritic processes of cholinergic star-
burst cells. Scale bar, 50 m.
starburst cell somata at both the INL and GCL as well extremely low at this region or requires an additional
mGluR2 genomic sequence as reported in some particu-as their two separate dendritic processes at the IPL
(Figures 1A and 1C). Importantly, no GFP fluorescence lar neuronal cells (Watanabe et al., 1998).
The immunotoxin (IT) that is composed of monoclonalwas detected in the mGluR2-immunopositive inner part
of the IPL or in any other retinal cell types (Figures 1B hIL-2R antibody fused to bacterial toxin was intravit-
really microinjected into adult transgenic and wild-typeand 1C). No appreciable GFP expression in the inner part
of the IPL indicates that the hIL-2R/GFP expression is mice (Figure 2A). Two weeks after IT injection, more
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Figure 2. Selective Elimination of Starburst Cells by IT Treatment
(A) Schematic drawing of intravitreal microinjection of IT.
(B) GFP immunostaining at the INL and GCL of the same whole-mount retinal preparations derived from either IT-uninjected (tg) or IT-injected
transgenic mouse (IT-tg).
(C) Double immunostaining of calretinin (red) and GFP (green) in transverse retinal sections.
(D) Double immunostaining of GFP (green) and tyrosine hydroxylase (TH) (red) at the INL of whole-mount retinal preparations. Scale bars in
(B)–(D), 50 m.
(E) Numbers of GFP-immunoreactive cells in the GCL and INL and those of TH-immunoreactive cells in the INL were counted from the
midperipheral portion of whole-mount retinal preparations of IT-injected (n  6) and -uninjected (n  14) transgenic mice. Columns and error
bars represent mean  SEM, respectively. GFP-immunoreactive starburst cells in both INL and GCL were significantly eliminated by IT
treatment (p  0.01).
than 90% of both conventionally placed and displaced small number of cases, GFP-immunoreactive cells were
ablated in the GCL but partially remained in the INL, duestarburst cells were ablated from transgenic mice, as
evidenced by a loss of GFP fluorescence in whole- to insufficient infusion of IT up to the INL through the
GCL. Although ablation of displaced starburst cellsmount retinal preparations (Figures 2B and 2E). In a
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alone helped to examine the function of these cells, it light in eight directions. In wild-type mice, all the ON-
OFF ganglion cells examined (n  17) showed spikewas technically difficult to restrict cell ablation at this
discharges to both leading (ON) and trailing (OFF) edgeslevel. Therefore, GFP immunostaining was always con-
(LE and TE, respectively) in the preferred direction butducted after electrophysiological and behavioral analy-
elicited little response in the null direction (Figure 3A).sis, and only retinal preparations where starburst cells
Remarkably, ON-OFF ganglion cells of IT-treated trans-were eliminated at both GCL and INL were used for data
genic mice responded to movement in all directionsanalysis.
(Figure 3A). In our experiments, we ablated both conven-Evidence for selective ablation of starburst cells after
tionally placed and displaced starburst cells to avoid anIT treatment was prerequisite to explore a functional
ambiguity resulting from a partial elimination of starburstimplication of these cells in directional selectivity. Selec-
cells (Figure 2B). Consistent with our experimental de-tive ablation was addressed in detail by several different
sign, null inhibition in both ON and OFF responses disap-cytological analyses. First, hematoxylin-eosin staining
peared in IT-treated transgenic mice (Figure 3A).showed no anatomical change in any retinal cell layers
We quantified a loss of DS responses in IT-treated(data not shown). Second, starburst cells represent a
transgenic mice by determining an index of directionalitysubpopulation of calretinin-immunoreactive amacrine
(Figure 3B). Since no discernible null inhibition was seencells (Ga´briel and Witkovsky, 1998). IT treatment com-
in IT-treated transgenic mice, spike numbers in all eightpletely eliminated GFP/calretinin double-immunoreac-
directions were counted, and a maximum index amongtive starburst cells but left calretinin-positive/GFP-nega-
the four axes was compared with the index of the pre-tive cells intact (Figure 2C). Third, despite elimination of
ferred-null axis of wild-type mice. This comparison ex-mGluR2-immunopositive/GFP-positive starburst cells,
plicitly demonstrated that DS responses were signifi-mGluR2 immunoreactivity at the innermost part of the
cantly reduced in starburst-eliminated transgenic miceIPL remained unchanged after IT treatment (data not
(Figure 3B). As a control, we also calculated the indexshown). Fourth, a distinct subset of amacrine cells with
in two directions, 90 away from the preferred-null axistyrosine hydroxylase (TH) immunoreactivity showed no
in wild-type mice [wt(90)]. This value represents no ap-reduction after IT treatment (Figures 2D and 2E). Fifth,
preciable DS responses of wild-type mice. The compari-different mGluR subtypes have been shown to be dis-
son between starburst-eliminated mice and wild-typetinctly expressed in various cell types of the mouse
mice [wt(90)] revealed that DS responses after removalretina (Tagawa et al., 1999). No difference in immuno-
of starburst cells were reduced up to the level of direc-staining patterns of mGluR1, mGluR4a, mGluR5a,
tionally nonselective responses of wild-type ON-OFFmGluR7a, and mGluR8 was observed after IT treatment
ganglion cells (Figure 3B).(data not shown). Neuronal cells that project mGluR2-
Starburst cells release both excitatory ACh and inhibi-immunoreactive fibers to the inner part of the IPL have
tory GABA onto DS ganglion cells (Brecha et al., 1988;been reported to be engaged with rod bipolar cell termi-
Vaney and Young, 1988; O’Malley et al., 1992). A com-nals (Koulen et al., 1996). Notably, the immunostaining
parison of spike numbers in the direction where thepatterns of rod bipolar cell markers, protein kinase C and
cell showed the maximum response exhibited that themGluR6, also remained unchanged (data not shown).
responses significantly increased in IT-treated trans-Finally, ChAT-immunoreactive neurons remained intact
genic mice as compared to wild-type mice (Figure 4A).in IT-treated wild-type mice or in transgenic mice in-
Therefore, in agreement with the previous observationjected with phosphate-buffered saline alone (data not
that GABA inhibition predominates over the action ofshown). These results demonstrated that IT selectively
ACh in DS responses (Torre and Poggio, 1978; Arieleliminated starburst cells in transgenic mice without af-
and Daw, 1982b; Kittila and Massey, 1997), depletionfecting any other cell types.
of predominant GABA transmitter from starburst cells
seemed to result in enhancement of ganglion cell re-
Loss of Directional Selectivity sponses in starburst-eliminated retina.
ON-OFF ganglion cells and a subpopulation of ON-type DS ganglion cells also receive direct excitatory gluta-
ganglion cells show DS responses (Barlow et al., 1964; mate input from cone bipolar cells mainly through
Levick, 1967). To avoid the difficulty to distinguish DS- N-methyl-D-aspartate (NMDA) receptors with a minor
defective responses of ON-type DS ganglion cells from contribution of -amino-3-hydroxy-5-methyl-4-isoxazole-
responses of other ON-type cells after starburst cell propionate (AMPA)/kainate receptors (Cohen and Miller,
elimination, we focused on extracellular recordings of 1995; Kittila and Massey, 1997). Excitatory synaptic
DS responses of ON-OFF ganglion cells. Whole-mount transmission was further explored by examining alter-
retinae were prepared from transgenic mice 2 weeks ations in the sensitivity to ACh and NMDA antagonists
after IT treatment or from their control wild-type counter- (Figure 4B). An application of the ACh antagonist D-tubo-
parts. To specify electrophysiological responses of ON- curarine depressed the response at every angle in
OFF ganglion cells, we first identified these cells by wild-type mice and reduced total spike numbers in the
recording ON and OFF responses to a light stimulus (a eight directions by about 50% (Figure 4B). Importantly,
small spot of flashed light in the receptive field). Compa- D-tubocrarine showed no inhibitory effect in starburst-
rable numbers of ON-OFF ganglion cells were identified eliminated mice (Figure 4B). This finding was consistent
between wild-type and starburst-eliminated mice. In ad- with the mechanism in which ablation of starburst cells
dition, a wave pattern of both ON and OFF responses removed the origin of ACh release and thus depleted
was unchanged between the two groups. DS responses the neurotransmitter that was to be competed by the
of ON-OFF ganglion cells thus identified were examined ACh antagonist. A combined application of the ACh an-
tagonist and the NMDA antagonist D-2-amino-5-phos-by collecting their responses to movement of a bar of
Starburst Cell Function in Retinal Neural Circuit
775
Figure 4. Alteration in Spike Numbers and Antagonist Sensitively
after Starburst Cell Elimination
(A) Total spike responses to both leading and trailing edges in eight
directions were calculated from four trials. Spike numbers in the
maximally responded direction (for wild-type mice, preferred direc-
tion) were compared between wild-type and starburst-eliminated
mice. Columns and error bars indicate mean  SEM, respectively
(n  17 for wt and n  6 for IT-tg); *p  0.05, significantly enhanced
as compared with wt.
(B) Total spike responses to both leading and trailing edges were
calculated from four trials by moving a bar in eight directions prior
to and 10 min after addition of the indicated antagonist(s). Spike num-
bers in eight directions are summed, and relative ratios of the total
spike numbers thus obtained before and after addition of the antago-
nist(s) are compared. Columns and error bars indicate mean  SEM,
respectively (n 4 each); **p 0.01, *p 0.05, significantly reduced
as compared to no addition of any antagonists.
Figure 3. Loss of DS Responses of ON-OFF Ganglion Cells by
phonovalerate (AP5) greatly attenuated responses ofStarburst Cell Elimination
ON-OFF ganglion cells in wild-type retina (Figure 4B). As(A) Responses of ON-OFF ganglion cells to a moving bar in eight
directions were measured in the retinae of wild-type and starburst- reported previously (Kittila and Massey, 1997), a resid-
eliminated mice. Representative responses isolated from a single ON- ual activity that represents AMPA/kainate receptor
OFF ganglion cell are indicated. Peristimulus time histograms are responses was still observed after combined ACh
means of four trials and show two peaks, corresponding to the leading and NMDA blockade. In starburst-eliminated mice, the
edge (LE) and the trailing edge (TE) of the moving bar; a bin corre-
NMDA receptor antagonist suppressed responses ofsponds to 10 ms. The polar plot shown in the center indicates the
ON-OFF ganglion cells, but extents of suppression bysum of four trials to both leading and trailing edges in each direction.
(B) The index of directionality was calculated with the equation of the NMDA antagonist per se were comparable between
x  y/x 	 y, where x and y represent a larger and smaller number wild-type and starburst-eliminated mice (Figure 4B).
of spike responses in the four axes of bar movement, respectively. Consequently, a residual activity resistant to combined
For comparison, the maximum index is chosen from the values of application of ACh and NMDA antagonists became
the four axes in starburst-eliminated mice (IT-tg, n  6) and com-
prominent in starburst-ablated retina and accounted forpared with the directionality index in the preferred-null axis (wt, n 
about 60% of antagonist-untreated retina. AMPA/kai-17) and its vertical axis [wt(90), n  17] of wild-type mice. Columns
and error bars indicate mean  SEM, respectively; ***p  0.001, nate receptors are widely distributed in different neu-
significantly reduced as compared with wt. ronal cells of the ON/OFF pathway (Hamassaki-Britto et
Neuron
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Figure 5. Impairment of OKN without Affect-
ing Pupillary Responses in Starburst-Elimi-
nated Transgenic Mice
(A) Representative recordings of OKN prior to
and 2 weeks after IT treatment of transgenic
mice. The striped drum was sinusoidally ro-
tated with 0.2 Hz at an angular distance of
4.5. Eye velocity curves (solid lines) were ob-
tained by cumulating each point of eye veloc-
ity (circles) and superimposed with sinusoidal
stimulus velocity curves (dashed lines).
(B) Recordings of OKN were carried out be-
fore and 2 weeks after IT treatment and the
OKN gains are indicated as a function of peak
stimulus velocity; the drum was rotated at a
fixed frequency (0.1 Hz). Columns and error
bars indicate mean  SEM, respectively (n 
9 each). The reduction of OKN was statisti-
cally significant in all ranges of stimulus ve-
locities examined in IT-treated transgenic
mice as compared with three other groups of
animals (p  0.01).
(C) Steady-state levels of pupillary contrac-
tion in response to 100 or 1000 lux of lumi-
nance after appropriate interval of dark adap-
tation. Relative ratios of pupil diameters
before and after light stimuli are presented.
Columns and error bars indicate mean 
SEM, respectively (n  8 for wt and IT-wt;
n 7 for tg and IT-tg); no statistical difference
was marked among the four groups of ani-
mals (p 
 0.90).
(D) Pupillary contraction evoked by exposure
of either 100 or 1000 lux of luminance after
an appropriate interval of dark adaptation (left
panels) (n  5). Pupillary dilation in response
to light termination after an appropriate inter-
val of light adaptation with either 100 or 1000
lux of luminance (right panels) (n  5).
al., 1993) and can play a role in both ON and OFF re- Impairment of Optokinetic Reflex
Optokinetic nystagmus (OKN) is a stereotyped visuomo-sponses at synapses upstream of ON-OFF ganglion
cells. Therefore, we deemed the use of AMPA/kainate tor reflex that is induced by a moving stimulus, thereby
keeping a moving subject on the retina (Oyster, 1968;receptor antagonists as not feasible for characterization
of these receptors on ON-OFF ganglion cells after star- Oyster et al., 1972). We examined the ability of wild-
type and transgenic mice to drive OKN prior to and 2burst cell elimination. Studies have shown that AMPA/
kainate receptors are highly expressed in ganglion cells weeks after IT injection. In wild-type mice, OKN was
evoked by rotation of an optokinetic drum, and this(Hamassaki-Britto et al., 1993), and synaptic connec-
tions of starburst cells are restricted to bipolar and gan- ability remained unchanged before and after IT injection
(Figure 5B). Transgenic mice showed comparable OKNglion cells (Famiglietti, 1991). It is therefore most likely
that GABA transmitter from starburst cells profoundly prior to IT injection (Figures 5A and 5B). Remarkably,
OKN became almost negligible 2 weeks after IT injectionmodulates the activity of AMPA/kainate receptors of DS
ganglion cells in the microcircuit of DS responses. (Figure 5A). This impairment was quantitatively deter-
Starburst Cell Function in Retinal Neural Circuit
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mined by measuring the OKN gain that is defined by the
ratio of the maximum eye velocity, relative to the peak
stimulus velocity. In wild-type mice, the frequency of
OKN increased with increasing stimulus velocity but the
OKN gain gradually declined at high stimulus velocity
(Figure 5B). Furthermore, this pattern of the OKN gain
as a function of stimulus velocity was identical not only
between IT-treated and -untreated wild-type mice but
also between IT-untreated wild-type and transgenic
mice (Figure 5B). In contrast, the OKN gain was signifi-
cantly reduced at all ranges of stimulus velocities tested
in IT-treated transgenic mice (Figure 5B). Therefore,
elimination of starburst cells results in a marked deficit
in driving eye movements that respond to a moving
stimulus.
The pupillary light reflex requires a set of retinal synap-
tic operations and is critically controlled by light expo-
sure and termination (Clarke and Ikeda, 1985; Iwakabe
et al., 1997). Because a deficit of OKN is also known to
be caused by impairments of light-dark discrimination
(Iwakabe et al., 1997), we examined responsiveness of
pupillary contraction and dilation of wild-type and trans-
genic mice before and 2 weeks after IT injection. The
steady-state levels of pupillary contraction were exam- Figure 6. A Shematic Model of an Integrated Transmission Deficit
ined by light exposure after dark adaptation, and no after Starburst Cell Elimination
difference was observed among the four groups of ani- Starburst cell (SA) elimination abolishes excitatory cholinergic and
mals by exposure to two different intensities of light inhibitory GABAergic outputs onto DS ganglion cells (DSG). This
elimination would reduce a GABAergic inhibitory action on AMPA/(Figure 5C). In addition, temporal response patterns of
kainate receptors. CB, cone bipolar cell; Glu, glutamate; AChR, AChboth pupillary contraction and dilation, which were in-
receptor; NR, NMDA receptor; A/KR, AMPA/kainate receptor;duced by light exposure and termination, respectively,
GABAR, GABA receptor; 	 and , excitatory and inhibitory trans-remained unchanged among the four groups of animals
missions, respectively.
(Figure 5D); in all IT-injected transgenic mice, OKN was
confirmed to be defective. Therefore, the electrophysio-
logical and behavioral studies indicated that starburst that starburst cells were selectively eliminated without
cells are the key elements that discriminate the direction any effects on other retinal cell types. Furthermore, the
of stimulus movement in the retinal neural circuit. pupillary reflex requires a set of retinal synaptic opera-
tions (Clarke and Ikeda, 1985; Iwakabe et al., 1997), but
no alteration in both pupillary contraction and dilationDiscussion
was observed after IT treatment. It can thus be con-
cluded that a deficit of both directional selectivity andNumerous electrophysiological and pharmacological
studies have indicated an implication of starburst cells optokinetic eye movement results from a selective elimi-
nation of starburst cells from the retinal network.in DS responses of ganglion cells (Masland and Ames,
1976; Ariel and Daw, 1982b; Masland and Tauchi, 1986; An important technical difference between targeted
laser ablation and IMCT is that IT injection eliminated anVaney, 1990; Borg-Graham and Grzywacz, 1992). How-
ever, He and Masland (1997) observed that laser ablation entire structure of the starburst cell up to its peripheral
dendrites, whereas laser ablation made a starburst cellof DAPI-labeled starburst cells in living retina still left
directional selectivity. They concluded that DS re- permeable to its intracellular neurotransmitters but re-
tained its cellular structure (He and Masland, 1997). Insponses of ganglion cells are determined by different
types of amacrine cells (He and Masland, 1997). The laser ablation, careful confirmation was made for attenu-
ation of excitatory ACh responses in DS ganglion cellsorigin of directional selectivity in the retinal circuit is
essential for understanding an intriguing paradigm of as well as depletion of preloaded ethidium or calcein
(He and Masland, 1997). However, it remained possiblevisual computation. Therefore, we have addressed this
question by applying IMCT technology that allows com- that GABA release from the distal dendrites of starburst
cells continued to function. Therefore, the different ob-plete and specific ablation of neuronal cells from a neural
network (Watanabe et al., 1998; Kaneko et al., 2000). servations between the two techniques raise an interest-
ing possibility that asymmetric dendritic connectionsThe present investigation has revealed that starburst
cells are indispensable for not only directional selectivity between starburst cells and DS ganglion cells play a
pivotal role in evoking DS responses through distinctbut also optokinetic eye movement.
The data of IMCT experiments relies on how selec- mechanisms of GABA and ACh release from starburst
cells (see below).tively IT eliminates targeted cells without affecting other
cell types. In transgenic mice, GFP was expressed in Starburst cells are well situated to meet the needs to
evoke directional selectivity. They costratify and makeonly conventionally placed and displaced starburst
cells. Combined immunocytological analysis showed asymmetric synaptic connections with dendrites of DS
Neuron
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ganglion cells (Famiglietti, 1991, 1992). They also pos- abolished by starburst cell elimination. However, ON-
sess excitatory ACh and inhibitory GABA necessary for OFF and ON-type ganglion cells have been shown to
stimulation and inhibition of DS ganglion cells (Brecha play a distinct role in OKN in that the former and latter
et al., 1988; Vaney and Young, 1988; O’Malley et al., cells respond to fast and slow movements of a visual
1992). Pharmacological studies have indicated that the stimulus, respectively (Oyster, 1968; Oyster et al., 1972).
GABA antagonist abolishes DS responses, whereas the Because starburst cell elimination abolished OKN re-
ACh antagonist suppresses (but does not block) direc- sponses over the slow to fast ranges of stimulus veloci-
tional selectivity (Ariel and Daw, 1982b; Kittila and Mas- ties, both ON-type and ON-OFF DS ganglion cells most
sey, 1997). Several models have thus been proposed in likely became defective after starburst cell elimination.
which GABA inhibition plays a predominant role in the Therefore, results of the OKN analysis demonstrate that
DS mechanism (Torre and Poggio, 1978; Ariel and Daw, the starburst cell plays a critical role in information pro-
1982b; Vaney, 1990; but see also Borg-Graham and cessing that stabilizes image motion in the visual
Grzywacz, 1992; Grzywacz and Amthor, 1993). The pres- system.
ent investigation has strongly indicated that GABA from
Experimental Proceduresstarburst cells is critical in determining directional selec-
tivity of DS ganglion cells (Figure 6). Interestingly, re-
IT Injectionlease of GABA and ACh from starburst cells has been
The IG8 line of heterozygous transgenic mice and their wild-typeshown to be kinetically and mechanistically different;
littermates (Watanabe et al., 1998) at ages of 8–12 weeks were
ACh is released from synaptic vesicles in a conventional deeply anesthetized with sodium pentobarbital. The anti-Tac(Fv)-
Ca2	-dependent manner, whereas GABA release is me- PE38 immunotoxin (2 l, 60 ng/l PBS) (Watanabe et al., 1998) was
diated via carrier-dependent mechanisms (O’Malley et intravitreally injected through a sterile microsyringe. All procedures
were performed according to guidelines of Kyoto University Facultyal., 1992). This distinct mechanism of ACh and GABA
of Medicine.release may generate a temporal separation of excita-
tion and inhibition of DS ganglion cells, which could
Histological Analysiscontribute to directional discrimination of DS ganglion
Immunostaining of retinal sections (10 m thick) and whole-mount
cells (Torre and Poggio, 1978; Grzywacz and Amthor, retinae was performed according to the procedures described pre-
1993). viously (Tagawa et al., 1999). The primary antibodies used were
DS ganglion cells also receive glutamate input from rabbit polyclonal antibodies against GFP (Clontech), calretinin, and
TH, and mouse monoclonal antibody against ChAT (all from Chemi-bipolar cells (Cohen and Miller, 1995; Kittila and Massey,
con). Other antibodies used were obtained as described previously1997) (Figure 6). Importantly, the directional selectivity
(Tagawa et al., 1999). Secondary antibodies used were Texas redof ganglion cells was blocked by AMPA/kainate receptor
X-conjugated goat IgGs against rabbit IgG or mouse IgG (Molecularantagonists but not affected by NMDA receptor antago-
Probe) and biotinylated goat IgG against rabbit IgG (Vector Labora-
nists (Cohen and Miller, 1995; Kittila and Massey, 1997). tories). GFP fluorescence was visualized without fixation (Moriyoshi
This blocking effect of AMPA/kainate antagonists was et al., 1996).
accounted for by their inhibition at the level of starburst
cells, thereby indirectly attenuating DS responses (Co- Electrophysiological Recording
Mice were dark adapted for 1 hr prior to experiments. The eyeshen and Miller, 1995; Kittila and Massey, 1997). Recently,
were placed in oxygenated Ringer’s solution (110 mM NaCl, 2.5 mMpatch-clamp recordings of ON-OFF ganglion cells have
KCl, 1.0 mM MgCl2, 2.5 mM CaCl2, 25 mM NaHCO3, 10 mMrevealed that GABAergic inhibition acts postsynaptically
D-glucose, and 5% CO2/95% O2). The pigment epithelium was sepa-on DS ganglion cells by shunting the excitatory inputs
rated from the retina and removed. A piece of the retina was trans-
arising from bipolar cells (Taylor et al., 2000). Therefore, ferred gently to a recording chamber with the vitreal surface upward
a more plausible explanation is that AMPA receptors and continuously superfused at 36C with oxygenated Ringer’s solu-
reside on DS ganglion cells and are involved in DS re- tion. All recordings were stored in a DAT recorder (PC216Ax, SONY)
and analyzed offline with an IBM-compatible computer. Spike dis-sponses by GABA-mediated modulation from starburst
charges were recorded extracellularly from ganglion cells with acells (Figure 6). It is therefore tempting to speculate that
tungsten electrode. Most of spike discharges were effectively iso-a synaptic transmission of GABA, glutamate, and ACh
lated from a single ON-OFF ganglion cell (13/17 for wild-type andis integrated at the postsynaptic site by interacting with 5/6 for starburst-eliminated mice). In the case when the spike dis-
their distinct receptors, and that this integrity plays a charges contained mixed responses of several ganglion cells, the
key role in emergence of directional selectivity of gan- template-matching technique was used to isolate spikes originating
glion cells (Figure 6). from a single ON-OFF ganglion cell (Ishikane et al., 1999). Visual
stimuli were generated on a 15-inch CRT monitor (1280  1024The present investigation provides compelling evi-
pixels, 60 Hz refresh rate; S501J, IIYAMA, Japan) driven by an IBM-dence that the integrity of starburst cell-DS ganglion
compatible computer. Images of the CRT screen were projectedcell interactions is crucial for driving compensatory eye
onto the retina through a beam splitter and a lens, which were
movement. Because starburst cells interconnect with mounted on a condenser lens holder of an inverted microscope
several classes of ganglion cells (Ariel and Daw, 1982a), (Ishikane et al., 1999). Intensity of the reduced light stimuli at the
ablation of starburst cells may also affect other ganglion retinal position was measured using a calibrated photodiode (S1133,
cell function. DS responses are known to be evoked Hamamatsu Photonics, Japan). Three different types of visual stimuli
were applied to pinpoint DS responses derived from ON-OFF gan-by not only ON-OFF ganglion cells but also a certain
glion cells: first, periodic full-field (diffuse) flash stimuli (dark: 0.0subpopulation of ON-type ganglion cells (Barlow et al.,
mlux, bright: 72.0 mlux) were given to identify ON-OFF ganglion1964; Levick, 1967). In this investigation, we focused
cells; second, small circular spots were projected to map a receptive
on the electrophysiological characterization of ON-OFF field of the ON-OFF ganglion cell; finally, a moving single bar of light
ganglion cells, because it became difficult to distinguish that traversed the receptive field in eight major compass directions
between ON-type DS ganglion cells and other classes (background: 18.7 mlux, bar: 123.9 mlux) was applied consecutively
five times to examine DS responses of ON-OFF ganglion cells; theof ON-type ganglion cells once null inhibition had been
Starburst Cell Function in Retinal Neural Circuit
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bar length and width were 500 m and 100 m on the retina, respec- nism of directional selectivity in ganglion cells of the rabbit retina.
Proc. Natl. Acad. Sci. USA 92, 1127–1131.tively; the bar speed was 1800 m/s. All pharmacological reagents
were dissolved in oxygenated Ringer’s solution, kept at 36C, and Famiglietti, E.V. (1991). Synaptic organization of starburst amacrine
delivered to the retina by continuous perfusion. cells in rabbit retina: analysis of serial thin sections by electron
microscopy and graphic reconstruction. J. Comp. Neurol. 309,
Measurements of OKN and Pupillary Responses 40–70.
OKN was measured according to the procedure described by Iwa-
Famiglietti, E.V. (1992). Dendritic co-stratification of ON and ON-
shita et al. (2001). Mice were restrained in the middle of an optokinetic
OFF directionally selective ganglion cells with starburst amacrine
drum (diameter, 30 cm) with vertical black and white stripes (width
cells in rabbit retina. J. Comp. Neurol. 324, 322–335.
of each stripe, 14). The drum was sinusoidally rotated at an angular
Ga´briel, R., and Witkovsky, P. (1998). Cholinergic, but not the roddistance of 1.8–29 (center to peak) at 0.1–0.8 Hz under the control
pathway-related glycinergic (AII), amacrine cells contain calretininof the computerized DC servomotor (RH-14-3002-T, Harmonic
in the rat retina. Neurosci. Lett. 247, 179–182.Drive). Both eyes were stimulated by rotating the drum, and move-
ments of the right eye were analyzed by illuminating an infrared Grzywacz, N.M., and Amthor, F.R. (1993). Facilitation in ON-OFF
LED (TLN201, Toshiba). The frontal image of eye movements was directionally selective ganglion cells of the rabbit retina. J. Neuro-
monitored by an infrared-sensitive small CCD camera (CS3500, physiol. 69, 2188–2199.
Tokyo Electronics) through a cold mirror (DMR, Kenko). This allowed Hamassaki-Britto, D.E., Hermans-Borgmeyer, I., Heinemann, S., and
measurements of a reflecting infrared light of moving eye without Hughes, T.E. (1993). Expression of glutamate receptor genes in the
interrupting transmission of visible light. Data of eye movements mammalian retina: the localization of GluR1 through GluR7 mRNAs.
were collected in a computer (PC9821Xa13, NEC) through a video J. Neurosci. 13, 1888–1898.
capture board (Super CVI, Canopus). The horizontal eye angle was
He, S., and Masland, R.H. (1997). Retinal direction selectivity afterstored as an ASCII file and analyzed later to compute the gain of
targeted laser ablation of starburst amacrine cells. Nature 389,OKN. The movement of the striped drum was also monitored with
378–382.an angular velocity sensor fixed to the base of the drum. Eye position
Ishikane, H., Kawana, A., and Tachibana, M. (1999). Short- and long-signals were differentiated, and portions of eye movements with no
range synchronous activities in dimming detectors of the frog retina.quick movement phase were used for further analysis. Eye velocity
Vis. Neurosci. 16, 1001–1014.curves were fitted with sinusoidal stimulus velocity curves, and the
gain of an eye velocity against the stimulus velocity was obtained. Iwakabe, H., Katsuura, G., Ishibashi, C., and Nakanishi, S. (1997).
The steady-state pupil diameter and the time course of pupillary Impairment of pupillary responses and optokinetic nystagmus in the
responses (consensual pupillary responses) to light and dark stimuli mGluR6-deficient mouse. Neuropharmacology 36, 135–143.
were measured as described previously (Iwakabe et al., 1997), ex- Iwashita, M., Kanai, R., Funabiki, K., Matsuda, K., and Hirano, T.
cept that sympathectomy was performed on the IT-uninjected side (2001). Dynamic properties, interactions and adaptive modifications
of preganglionic sympathetic nerves to avoid possible effects of of vestibulo-ocular reflex and optokinetic response in mice. Neu-
sympathetic inputs on pupillary responses. rosci. Res., in press.
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